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renal sodium transport; patch clamp; microdissected renal tubules; connecting tubule; collecting duct; distal convoluted tubule FINE TUNING OF SODIUM ABSORPTION in the kidney is critically important for the maintenance of sodium balance and the long-term regulation of arterial blood pressure. 1 It occurs in the aldosterone-sensitive distal nephron (ASDN) which consists (23) of the late distal convoluted tubule (DCT2), connecting tubule (CNT) and the entire collecting duct (CD). Transepithelial sodium transport in the ASDN is mediated by the amiloride-sensitive epithelial sodium channel (ENaC) localized in the apical plasma membrane of principal cells and the Na ϩ -K ϩ -ATPase localized in the basolateral plasma membrane. Apical Na ϩ entry through ENaC is the rate-limiting step of transepithelial Na ϩ reabsorption (16) . The functional importance of ENaC and its appropriate regulation for the maintenance of body sodium balance are emphasized by the observation that gain-of-function mutations of ENaC (Liddle's syndrome) lead to severe arterial hypertension, while loss-offunction mutations of ENaC (pseudohypoaldosteronism type I) cause renal salt wasting (36, 37) . Several hormones and local mediators as well as proteases have been reported to play an important role in ENaC regulation in the kidney (23) . However, the mineralocorticoid aldosterone is believed to be the key hormonal regulator to stimulate renal ENaC function by highly complex mechanisms that are not yet fully understood (46) . Its secretion is upregulated by restricting dietary sodium intake. In contrast, aldosterone levels are suppressed by high sodium intake. Most of our knowledge about the regulation of ENaC in the kidney stems from studies performed in microdissected cortical collecting duct (CCD) or connecting tubule preparations from rat or rabbit. Interestingly, with the use of the patch-clamp technique, ENaC activity was undetectable in microdissected CCD or CNT of rats maintained on a standard salt diet. In contrast, ENaC activity could be observed in rats treated with mineralocorticoid hormones or maintained on a low sodium diet to increase plasma aldosterone levels (13, 15) . Recently, we reported ENaC whole cell currents in microdissected ASDN fragments from mice maintained on a standard salt diet (30) . This raises the question whether and where ENaC is active in patients on a typical Western diet rich in sodium.
Immunohistochemical studies indicate that there is an axial gradient of ENaC expression along the ASDN. On a normal salt diet, ENaC expression in the apical membrane appears to be limited to the DCT2 and CNT. It extends to the CD only on a low-salt diet (25) . Three-dimensional reconstruction of the mouse nephron shows that five to seven nephrons are connected via a CNT to one CCD (48) . Thus, in DCT2 and the CNT, the available luminal surface for ENaC-mediated sodium reabsorption is probably several-fold greater than that available in the entire CD. Therefore, under standard dietary conditions ENaC activity may be limited to the DCT2 and the initial parts of the CNT which may be sufficient to maintain sodium balance. Amiloride-inhibitable Na ϩ reabsorption has been observed in the early distal tubule of rats maintained on a normal salt diet (9) consistent with functional ENaC expression in DCT2 and CNT under these conditions. The physiological importance of ENaC in early segments of the ASDN (DCT2 and CNT) is further supported by the finding that mice with a CD-specific gene inactivation of ENaC are able to maintain sodium balance (38) . Finally, the severe salt-wasting pheno-type of pseudohypoaldosteronism type I in humans underlines the importance of renal ENaC activity for sodium balance not only under conditions of low dietary sodium intake and high plasma aldosterone.
The aim of the present study was to use the patch-clamp technique to provide direct electrophysiological evidence for ENaC activity in the transition zone of DCT2 and initial CNT (DCT2/CNT) in mice maintained on a standard salt diet. Moreover, we wanted to compare the regulation of ENaC activity in DCT2/CNT with that in the region of the late CNT and initial CCD (CNT/CCD) in response to changes in dietary sodium to vary plasma aldosterone levels. Patch-clamp studies were performed on split-open mouse renal tubules selected from the DCT2/CNT or CNT/CCD region. To investigate the aldosterone dependence of ENaC regulation, we also used microdissected tubules from mice deficient in the aldosterone synthase (mouse gene Cyp11b2) which lack measurable levels of plasma aldosterone (22) .
MATERIALS AND METHODS
Ethical approval for animal studies. For this study, renal tissue preparations were obtained from mice (Mus musculus), killed by perfusion of the circulatory system with Leibovitz medium (LM) via the left ventricle after anesthesia (thiopental, 50 mg/kg ip). The animals were cared for and experiments were performed in accordance with the principles of German legislation. The study was approved by the state veterinary health inspectorate (license no. 621.2531.32-21.05). Housing and care of the animals was under the governance of the responsible regulatory authority at Erlangen.
Animals and diets. For the majority of experiments, 7-to 12-wk-old C57BL/6 mice were used. Some experiments were also performed using mice with the disrupted mouse gene, Cyp11b2, which codes for aldosterone synthase (22) . Animals used in our experiments were homozygous for the aldosterone synthase gene disruption (AS Ϫ/Ϫ ) or expressed wild-type (WT) aldosterone synthase (background strain 129/SvEv). Mice of different genotypes were age matched in the different experimental groups as closely as possible. Under control conditions (standard salt diet), mice received a chow containing 3.2 mg Na ϩ /g and plain tap water. Alternatively, mice were kept on a low salt or high salt diet for 2 wk before experiments. The low salt diet animals received a chow containing 0.13 mg Na ϩ /g and plain tap water. The high salt animals received a chow containing 16 mg Na ϩ /g and 0.9% saline as drinking water ad libitum. Food was obtained from Altromin (Lage, Germany).
Preparation of renal tubules. Tubules were prepared essentially as previously described (30) . After anesthesia (thiopental, 50 mg/kg ip), the circulatory system was perfused via the left ventricle with LM containing collagenase (1 mg/ml) and amiloride (2 M). After perfusion, both kidneys were removed, cut into coronal slices, and incubated for 20 -25 min at 37°C in the same solution as used for the perfusion. Following collagenase wash out, slices were kept in icecold LM containing amiloride (2 M) throughout the microdissection procedure. Cortical tubules were separated manually using fine forceps. We identified and isolated tubular segments with characteristic branching indicative of the merging of CNT into CCD and extended the dissection towards the DCT. Morphologically the DCT can be recognized by extensive convolutions and large cells with visible basal membrane infoldings. The transitional zone between DCT2 and early CNT is characterized by a decreasing tubular diameter and smaller rounded cells. The zone comprising the late CNT and early CCD is defined by its proximity to the tubular branching points. In this segment, the cells are even smaller than in the early CNT and the tubular diameter is further reduced (Fig. 1) . Under the dissecting microscope, there are no clear-cut boundaries between DCT2 and early CNT or between late CNT and initial CCD. In particular after transfer of the tubular segments to the perfusion chamber and after opening the tubules, it is difficult to distinguish between DCT2 and early CNT or between late CNT and initial CCD. Therefore, in our patch-clamp experiments we distinguished only between two regions of the ASDN: 1) DCT2 and initial CNT (DCT2/CNT), and 2) late CNT and initial CCD (CNT/CCD). Proximal tubules were identified by their large diameter, typical convolutions and their characteristic shape. Attached glomeruli occasionally served as an additional marker to identify proximal tubular segments. The isolated tubular segments were attached to glass coverslips coated with Cell-Tak (Collaborative Research, Bedford, MA) and transferred to a temperature-controlled perfusion chamber (37°C) mounted on an inverted microscope (Leica DM IRB). To gain access with the patch pipette to the apical cell membrane, tubules were cut open with a broken glass pipette attached to a micromanipulator. In the exposed epithelial layer of the opened tubule, principal cells were identified according to their characteristic shape and were approached with a patch pipette.
Immunohistochemistry. To differentiate specific nephron segments, isolated tubules were stained using antibodies against the thiazidesensitive Na-Cl cotransporter (NCC) as a marker for the DCT and antibodies against aquaporin 2 (AQP2) as a marker for the CD. Tubules were microdissected with the same technique as for the electrophysiological experiments. Cell-Tak was used to attach isolated tubular segments to microscope slides. Attached tubular segments were fixed with 4% paraformaldehyde in PBS for 30 min on ice. After fixation, tubular cells were permeabilized with 0.2% Triton-X100 in PBS on ice. Unspecific binding sites were blocked with 1ϫ RotiImmunoblock (Roth, Karlsruhe, Germany) for 10 min at room temperature. As primary antibodies, we used either rabbit polyclonal anti-AQP2 antibody obtained from Acris Antibodies (Herford, Germany) or rabbit anti-rat NCC antibody (24) , both in a dilution of 1/8000. As a secondary antibody, Cy3-conjugated goat anti-rabbit immunoglobulin G (HϩL) was used from Dianova (Hamburg, Germany). Tubules were incubated with antibodies against AQP2 or NCC in 0.5% BSA/0.04% sodium azide in PBS overnight at 4°C. After being washed, tubules were incubated with the secondary antibody for 2 h at room temperature. Nuclear counterstaining was performed with DAPI (Sigma, Taufkirchen, Germany). Samples were covered with a Tris-buffered Mowiol, pH 8.6 (Hoechst, Frankfurt, Germany) and evaluated by epifluorescence microscopy using the ApoTome technique (Zeiss, Göttingen, Germany).
Experimental solutions and chemicals. For patch-clamp experiments, the bath solution contained the following (in mM): 145 Na gluconate, 5 K gluconate, 2 CaCl 2, 5 barium acetate, 1 MgCl2, 5 HEPES and 3 glucose (pH adjusted to 7.4 with Tris). The standard pipette solution contained the following (in mM): 85 K gluconate, 5 Na gluconate, 2 Mg ATP, 10 HEPES, 2 EGTA Na, 2 MgCl 2, 40 CsOH and 20 TEA-OH, (pH adjusted to 7.2 with gluconic acid). In some experiments, the pipette solution was supplemented with 5(6)-carboxyfluorescein (0.2 mM). Amiloride hydrochloride and carboxyfluorescein were purchased from Sigma-Aldrich (Taufkirchen, Germany), and collagenase (type: CLS III) was from Biochrom (Berlin, Germany).
Electrophysiology. A computer-controlled EPC-9 patch-clamp amplifier (HEKA Elektronik, Lambrecht, Germany) was used to perform conventional whole cell and outside-out patch-clamp recordings from principal cells in microdissected tubules. Pipettes were made from borosilicate glass (GC150 -15; Harvard Apparatus) with a resistance of ϳ4 -6 M⍀. Seals were formed at the apical cell surface by using gentle suction. The whole cell configuration was achieved by increasing the suction after the seal resistance had exceeded at least 1 G⍀. Only patches with seal resistances Ͼ3 G⍀ were used for outside-out recordings. Series resistance was between 10 and 15 M⍀ and was not compensated. For continuous whole cell as well as outside-out current recordings, cells were voltage clamped using a pipette holding potential (V hold) of Ϫ60 mV. The stated experimental conditions favor the detection of inward sodium currents. Inward currents (downward current deflections) are defined as negative currents, i.e. movement of positive charge from the extracellular side to the cytoplasmic side. To obtain single-channel I/V plots, the holding potential was altered from Ϫ120 to 0 mV with voltage steps of 20 mV. Data were sampled at a rate of 2 kHz and initially filtered at 250 Hz. For further analysis, data were routinely refiltered at 80 Hz. To resolve single-channel events at holding potentials of Ϫ20 and 0 mV, data were refiltered at 50 and 25 Hz, respectively. The current level at which all channels are closed (closed level) was determined in the presence of amiloride (2 M). Binned amplitude histograms were used to determine the singlechannel current amplitude (i) and to estimate channel activity as the product NP o, where N is the number of channels and Po is single channel open probability (11) . In the whole cell mode, the amiloridesensitive current (⌬Iami) was determined by subtracting the whole cell current measured in the presence of amiloride from the corresponding current measured in the absence of amiloride.
Statistics. Values are reported as mean Ϯ SEM. Statistical significance was evaluated by Student's t-test and factorial ANOVA with a post hoc Tukey test, as appropriate; P Ͻ 0.05 was considered significant for the rejection of the null hypothesis.
RESULTS

ENaC currents are detectable in isolated DCT2
/CNT from mice maintained on a standard salt diet. Microdissected ASDN fragments from kidney cortex were used for patchclamp experiments. As described in MATERIALS AND METHODS, we performed experiments in two distinguishable regions of the ASDN that we designated DCT2/CNT and CNT/CCD (Fig.  1) . Immunohistochemical experiments confirmed the identity of the isolated nephron segments using the NCC and AQP2 as markers for the DCT and the collecting system (i.e., the connecting tubule and the CD), respectively (Fig. 2) . After transfer of the tubular fragments to the perfusion chamber, experiments were routinely started in a bath solution containing 2 M amiloride to inhibit ENaC and to reduce channel rundown (47) . In a first set of experiments, whole cell amiloride-sensitive currents were measured in DCT2/CNT obtained from mice kept on a standard salt diet. A representative whole cell current recording is shown in Fig. 3A . The appearance of an inward current component upon washout of amiloride, as well as the rapid return of the whole cell current towards its initial level upon readdition of amiloride, indicated that the cell expressed active ENaC in its apical plasma membrane. In experiments similar to those shown in Fig. 3A using DCT2/CNT preparations from mice maintained on a standard salt diet, the amiloride-sensitive whole cell current (⌬I ami ) averaged 275 Ϯ 34 pA (n ϭ 48) with the largest currents reaching 1 nA.
To confirm that the underlying amiloride-sensitive channels show properties typical for ENaC, we also performed singlechannel recordings. Figure 3B shows representative singlechannel current traces from an outside-out patch of a DCT2/ CNT cell from a mouse maintained on a standard salt diet. The whole cell current trace from the same cell is shown in Fig. 3A . The "all closed" level was determined by application of amiloride. To confirm Na ϩ selectivity of the channel and to determine its single-channel conductance, the holding potential was varied from Ϫ120 to 0 mV by 20-mV steps. At more positive potentials, the predicted single-channel current amplitude is too small to be resolved and seals tend to be unstable. Therefore, holding potentials more positive than 0 mV were not used. The average current-voltage relationship from 9 similar experiments is shown in Fig. 3C . The Goldman-Hodgkin-Katz fit of the data is consistent with a sodium-selective channel and reveals a single-channel conductance of ϳ5 pS characteristic for mouse ENaC (1).
These findings further support the conclusion that the amiloride-sensitive conductance observed in DCT2/CNT can be attributed to ENaC.
Single channel properties of ENaC in DCT2/CNT are similar to those in CNT/CCD. In additional experiments, we compared single-channel currents of ENaC in DCT2/CNT vs. CNT/CCD from animals maintained on a standard salt diet. Two representative experiments are shown in Fig. 4 . Before achieving the outside-out configuration, ⌬I ami was determined in the whole cell configuration as described above (Fig. 3A) . ⌬I ami was detectable in CNT/CCD (Fig. 4B, left) but considerably smaller than in DCT2/CNT (Figs. 3A and 4A, left) . Up to 10 channel levels were observed in the outside-out patch from DCT2/CNT (Fig. 4A ), but only 4 in the outside-out patch from CNT/CCD (Fig. 4B) . Single-channel current amplitudes and NP o values were determined using amplitude histograms (Fig. 4, C and D) . The single-channel current amplitude recorded at V hold ϭ Ϫ60 mV was not different in the two segments averaging 0.29 Ϯ 0.01 pA in DCT2/CNT (n ϭ 12) and 0.29 Ϯ 0.01 pA in CNT/CCD (n ϭ 8). On average, NP o and the number of observed channel levels tended to be larger in DCT2/CNT (4.96 Ϯ 1.25 and 11.3 Ϯ 2.1) than in CNT/CCD (2.22 Ϯ 0.8 and 6.1 Ϯ 1.6). Interestingly, single channel P o estimated as the ratio of NP o to the maximal number of observed channel levels was similar in both segments averaging 0.39 Ϯ 0.03 in DCT2/CNT and 0.33 Ϯ 0.03 in CNT/CCD. In summary, these findings indicate that ENaC has the same single-channel conductance in DCT2/CNT as in CNT/CCD with a similar P o in both segments. However, channel density in the plasma membrane is likely to be higher in the DCT2/ CNT than in the CNT/CCD. coupling. However, for rat CCD it has been reported by Frindt et al. (15) that in the whole cell patch-clamp configuration the fluorescent dye carboxyfluorescein included in the patch pipette did not diffuse from one cell to another. It was concluded that ENaC expressing cells in the CCD are unlikely to be electrically coupled when investigated by conventional whole cell patch-clamp technique.
Here we employed a similar approach to test whether DCT2/ CNT cells are coupled by gap junctions. Carboxyfluorescein (0.2 mM) was included in the patch pipette solution, and the whole cell configuration was established. Four to ten minutes later the tubule was observed using a fluorescence microscope. Usually this time is sufficient for diffusion of a dye through gap junctions (7) . Similar experiments on proximal tubules, where cells are known to be coupled (21, 40) , served as positive control. Results from typical experiments are presented in Fig. 5 . In contrast, in the DCT2/CNT the fluorescence signal remained limited to the cell connected to the patch pipette. In the cells visualized by fluorescence microscopy in DCT2/CNT, ⌬I ami was also measured to confirm the presence of amiloride-sensitive currents. ⌬I ami measured in DCT2/CNT in these experiments ranged from 107 to 477 pA (n ϭ 6). The whole cell current trace recorded from the fluorescent cell depicted in Fig. 5A is shown in Fig. 5G .
Based on these experiments, we conclude that cells in the DCT2/CNT are unlikely to be electrically coupled via gap junctions under the experimental conditions used. Therefore, the ⌬I ami values measured in DCT2/CNT can be attributed to whole cell currents from a single cell.
Differential regulation of ENaC in DCT2/CNT and CNT/ CCD in response to changes in dietary salt intake. In our initial
set of experiments, we demonstrated the presence of substantial ENaC whole cell currents in DCT2/CNT of mice maintained on a standard salt diet. In additional experiments, we investigated the effect of a high and low salt diet on ENaC activity in DCT2/CNT and CNT/CCD. We previously reported that in mice from the same strain and maintained under identical conditions, plasma aldosterone levels averaged ϳ0.5 nM on a standard, 1.5 nM on a low, and 0.1 nM on a high salt diet (4). Whole cell currents were recorded at V hold ϭ Ϫ60 mV, and the experimental protocol was similar to that described above. Representative whole cell current traces are depicted in Fig. 6 , B and C. As expected, in CNT/CCD from mice maintained on a high salt diet, ENaC whole cell currents were largely suppressed (⌬I ami averaged 8.6 Ϯ 2.3 pA; n ϭ 8). Slightly larger currents were observed on a standard salt diet (41 Ϯ 5 pA; n ϭ 51). Low salt diet caused a substantial stimulation of ENaC whole cell currents in CNT/CCD (180 Ϯ 42 pA; n ϭ 21; Fig. 6B ).
Importantly, under all dietary conditions the average ⌬I ami observed in DCT2/CNT (Fig. 6C ) was higher than that in CNT/ CCD. Interestingly, in DCT2/CNT from sodium restricted animals ⌬I ami averaged 243 Ϯ 28 pA (n ϭ 16), which is similar to the value measured in DCT2/CNT from mice maintained on a standard salt diet (275 Ϯ 34 pA; n ϭ 48; see above). Thus, in contrast to the situation in CNT/CCD, exposure to a low salt diet did not stimulate ENaC in the DCT2/CNT. Moreover, the relative inhibitory effect of a high salt diet on ENaC whole cell currents in the DCT2/CNT was less pronounced than in CNT/CCD with ⌬I ami averaging 102 Ϯ 25 pA (n ϭ 16) in DCT2/CNT from mice on a high salt diet. These results demonstrate a differential regulation of ENaC along the ASDN with substantial ENaC whole cell currents in the DCT2/CNT from animals on a standard and even on a high salt diet.
In aldosterone-synthase-deficient mice, ENaC whole cell currents are largely suppressed in CNT/CCD but preserved in the DCT2/CNT. Low but measurable plasma aldosterone levels remain detectable in mice maintained on a standard salt or a high salt diet (4) as used in the present experiments. Therefore, the high ENaC activity we observed in DCT2/CNT under these conditions may be explained either by an aldosterone-independent expression of the channel or by an increased responsiveness of this segment to aldosterone. To investigate whether aldosterone is necessary to maintain ENaC activity in the DCT2/CNT, we used aldosterone-synthase-deficient (AS Ϫ/Ϫ ) mice known to lack measurable levels of plasma aldosterone (22) . ⌬I ami was determined in the DCT2/CNT and in the CNT/CCD from AS Ϫ/Ϫ mice and from WT animals of the same breed. Mice were maintained on standard salt or on low salt diets. Representative recordings obtained in this set of experiments are shown in Fig. 7A . In WT animals maintained on a standard salt diet, ⌬I ami averaged 60 Ϯ 9 pA (n ϭ 11) in the CNT/CCD. Low salt diet upregulated ⌬I ami to 269 Ϯ 81 pA (n ϭ 10; P Ͻ 0.02) in this segment. ⌬I ami in the CNT/CCD from AS Ϫ/Ϫ mice maintained on a standard salt diet was significantly (P Ͻ 0.01) lower than in WT animals and averaged 22 Ϯ 8 pA (n ϭ 12). Importantly, in AS Ϫ/Ϫ mice, low salt diet did not lead to an increase in ⌬I ami (21 Ϯ 10 pA; n ϭ 6; Fig. 7B ). This is consistent with the failure of the AS Ϫ/Ϫ mice to respond to sodium restriction with an aldosterone increase and supports the concept that aldosterone is required for ENaC stimulation in the CNT/CCD by low salt diet.
In contrast, ENaC whole cell currents in the DCT2/CNT were similar in WT and in AS Ϫ/Ϫ animals maintained on a standard salt diet (308 Ϯ 85 pA; n ϭ 9 in WT vs. 284 Ϯ 60 pA; n ϭ 7 in AS Ϫ/Ϫ ) or on a low salt diet (382 Ϯ 48 pA; n ϭ 6 vs. 358 Ϯ 59 pA; n ϭ 9; Fig. 7C ). These results indicate that high ENaC activity in the early part of the ASDN (i.e. in DCT2 and early CNT) does not depend on circulating aldosterone. However, in later parts of the ASDN, stimulation of ENaC by sodium restriction depends on the ability of the animals to upregulate aldosterone consistent with earlier data obtained from the CCD and late CNT (14, 34) .
DISCUSSION
To the best of our knowledge, this study provides the first patch-clamp evidence for amiloride-sensitive ENaC currents in DCT2 and the initial portion of CNT. Using single-channel recordings, we demonstrated that the biophysical properties of the amiloride-sensitive channels in DCT2/CNT are typical for those described for ENaC in the CCD. Experiments with the gap junction permeable dye carboxyfluorescein indicated that there is no electrical coupling between neighboring cells in the DCT2/CNT. Thus the whole cell patch-clamp technique can be used to assess ENaC activity in single cells by determining the amiloride sensitive whole cell current component. Our data provide evidence that along the ASDN ENaC activity is differentially regulated by changes in dietary sodium intake and that ENaC activity is higher in the DCT2/CNT than in the CNT/CCD under all dietary conditions used.
In animals maintained on a standard salt diet, ENaC activity in DCT2/CNT was surprisingly high while it was low in CNT/CCD. High salt diet largely reduced ENaC activity in the CNT/CCD. In contrast, substantial ENaC activity was preserved in the DCT2/CNT of animals maintained on a high salt diet. Interestingly, low salt diet caused no additional stimulation of ENaC currents in the DCT2/CNT but caused a large stimulation of ENaC currents in the CNT/CCD. Indeed, in animals maintained on a low salt diet, the amiloride-sensitive whole cell currents measured in CNT/CCD reached levels similar to those measured in DCT2/CNT. In CCD/CNT of aldosterone-synthase-deficient mice maintained on a standard salt diet, ENaC currents were much smaller than those observed in WT mice. Importantly, ENaC currents in the CCD/ CNT of AS Ϫ/Ϫ mice were not stimulated by a low salt diet, which indicates that ENaC regulation in this segment is dependent on aldosterone. In contrast, high ENaC activity was observed in DCT2/CNT from AS Ϫ/Ϫ animals maintained on a standard salt or on a low salt diet. Collectively, these findings indicate that there is a high baseline activity of ENaC in DCT2/CNT, which is independent of the presence of aldosterone.
Constitutive ENaC activity in the late DCT and initial CNT. The severe salt-wasting phenotype observed in patients with pseudohypoaldosteronism type I, as well as in mouse models with ENaC hypofunction, highlight the importance of ENaC for the maintenance of sodium balance even on a standard salt diet (29, 36, 37) . Indeed, apical localization of ENaC in DCT2 and initial CNT have been demonstrated by immunohistochemistry (5, 23) in animals on a standard salt diet. However, patch-clamp studies have revealed either no ENaC activity (10, 13, 15) or only moderate activity (30) in rat and mouse CCD of animals maintained on a standard salt diet. ENaC activity was also undetectable in the late CNT and initial collecting tubule (iCT) of rats maintained on a standard salt diet (13) . However, in the latter study ENaC activity became apparent in animals treated with aldosterone with a relative magnitude of ENaC currents as follows: CNT Ͼ iCT Ͼ CCD. In the present study, we demonstrated sizeable amiloride-sensitive whole cell currents in the DCT2/CNT and even in the CNT/CCD of mice maintained on a standard salt diet. We cannot rule out the possibility of species differences between mice and rat regarding ENaC expression in the CNT/CCD. However, tubular microperfusion experiments demonstrated amiloride-sensitive Na ϩ absorption in rat late distal convoluted tubule (and possibly early CNT) in animals maintained on a standard salt diet (9) , which is consistent with our observation of amiloride-sensitive whole cell currents in DCT2/ CNT of mice kept on standard salt diet. In single-channel recordings we demonstrated that the underlying channels had single channel properties similar to those of ENaC expressed in the late CNT or CCD with a unitary conductance of 5 pS, a high sodium selectivity, as well as slow channel kinetics. Thus our findings demonstrate constitutive ENaC activity in the DCT2/CNT on standard salt intake.
ENaC activity along the ASDN is differentially regulated by salt intake. In both DCT2/CNT and CNT/CCD, ENaC activity clearly depends on sodium intake. However, in DCT2/CNT an increase in salt intake has a reduced inhibitory effect on ENaC activity. In the CCD/CNT, maximal ENaC whole cell currents are observed in animals maintained on a low salt diet. Under these conditions, ENaC whole cell currents in CCD/CNT are similar to those in DCT2/CNT. In contrast, in animals maintained on a standard salt diet, ENaC whole cell currents are much smaller in CNT/CCD compared with those in DCT2/ CNT, which remain at a similar level as in animals on a low salt diet. Furthermore, a high salt diet almost abolished ENaC currents in CNT/CCD, while in DCT2/CNT they were only reduced to ϳ40% of the level observed with a standard salt diet. The observation that sizeable ENaC whole cell currents are maintained in the DCT2/CNT even in animals kept on a high salt diet may be of particular pathophysiological impor- tance. Indeed, it has been reported that treatment with amiloride ameliorated hypertension in Dahl salt-sensitive rats fed a high salt diet (19) . Moreover, in hypertensive patients, amiloride is known to lower arterial blood pressure even without a concomitant reduction in dietary sodium intake, i.e. in the presence of high salt intake typical for a Western diet (39) . Thus inhibiting ENaC activity may help to treat arterial hypertension even in patients that have suppressed plasma aldosterone levels and have previously been thought to have very little remaining ENaC activity.
ENaC activity in the early part of the aldosterone-sensitive distal nephron is not aldosterone dependent. Our finding that ENaC activity in DCT2/CNT is largely independent of aldosterone raises the question which hormonal or local mediators maintain and regulate ENaC activity in this nephron segment. The main hormonal regulator of ENaC activity in CCD is aldosterone even though many additional factors contribute to ENaC regulation (23) . High ENaC activity in DCT2/CNT in the presence of low plasma aldosterone levels may be caused by aldosteroneindependent ENaC stimulation or by increased sensitivity to aldosterone. To our knowledge, there is no evidence for an increased aldosterone responsiveness of the DCT2/CNT compared with CCD (2, 20) . In contrast, it has been shown that ion transport processes in the DCT can be regulated in response to dietary changes even at a fixed level of aldosterone and glucocorticoids (18, 41) , which favors a hypothesis of aldosterone-independent regulation of ENaC in this segment.
To address the question of aldosterone dependence of ENaC activity, we used aldosterone-synthase-deficient mice, which have no detectable plasma aldosterone. About 30% of animals homozygous for the aldosterone synthase gene disruption (AS Ϫ/Ϫ ) die before weaning. The surviving 70% of AS Ϫ/Ϫ mice show hypotension and hyperkalemia in the absence of hyponatremia and severe salt wasting (22) . Partial correction of the phenotype of AS Ϫ/Ϫ mice can be achieved by salt supplementation (26) . In contrast, a low salt diet aggravates the phenotype of AS Ϫ/Ϫ mice with a further decrease in blood pressure, hyponatremia, and increased hyperkalemia (27) . Importantly, AS Ϫ/Ϫ mice survive on both a normal and low salt diet. This indicates that in the absence of aldosterone, compensatory mechanisms are sufficient to maintain AS Ϫ/Ϫ mice in sodium balance even when challenged with a low salt diet. Compensatory changes in AS Ϫ/Ϫ mice include an increased food intake-to-body weight ratio, an elevated plasma concentration of glucocorticoids, a strong activation of the reninangiotensin system and increased cyclooxygenase 2 levels.
We demonstrated that in the CNT/CCD of AS Ϫ/Ϫ mice maintained on a standard salt diet ENaC currents were significantly smaller than in AS ϩ/ϩ control animals. Furthermore, ENaC currents in the CNT/CCD of AS Ϫ/Ϫ mice did not increase in animals maintained on a low salt diet. This confirms our conclusion that in this nephron segment ENaC expression largely depends on aldosterone. Thus the lack of an increase in ENaC activity in the CNT/CCD of AS Ϫ/Ϫ mice in response to a low salt diet is explained by their inability to respond to a low salt diet with an increase in plasma aldosterone. In contrast, ENaC activity in the DCT2/CNT of AS Ϫ/Ϫ mice was not different from that of AS ϩ/ϩ control mice under normal as well as under low salt diet. Thus ENaC activity in the DCT2/CNT appears to be aldosterone independent. This may account for the rather mild phenotype of the AS Ϫ/Ϫ mice even under dietary Na ϩ restriction. The critical importance of the very early ASDN (i.e. the DCT2) for the maintenance of Na ϩ homeostasis was recently demonstrated by studies in mice with targeted inactivation of ␣ENaC (8) or the mineralocorticoid receptor (MR) in the CNT and CD but not in the DCT2 (3).
In the absence of aldosterone, the MRs in the DCT2/CNT may be occupied by glucocorticoids that in the AS Ϫ/Ϫ mice reach significantly higher plasma concentrations than in WT control mice (22, 26, 27) . This compensatory increase in glucocorticoids may contribute to maintaining ENaC activity in AS Ϫ/Ϫ mice. Interestingly, Velázquez et al. (45) demonstrated that aldosterone and dexamethasone had similar stimulatory effects on thiazide-sensitive Na ϩ fluxes in DCT microperfused in vivo. The hypothesis that stimulation of the MR by glucocorticoids contributes to constitutive ENaC stimulation in the DCT2/CNT is further supported by the finding that the salt-wasting phenotype of MR-deficient mice is more severe than that of AS Ϫ/Ϫ mice (3). However, even in MRdeficient mice clearance experiments revealed a small amiloride-blockable component of Na ϩ reabsorption (3), which suggests an MR-independent component of ENaC activity. Several other hormones are known to stimulate ENaC activity including insulin (6), vasopressin (12, 31, 44) and angiotensin II (28, 32, 33) . These hormones may contribute to maintain ENaC activity in the DCT2/CNT in the absence of aldosterone (42) . High levels of plasma renin activity and angiotensin II may also account for the paradoxical finding of high ENaC activity in the DCT2/CNT in mice lacking aldosterone synthase compared with the ENaC activity in the DCT2/CNT of WT mice on high salt diet.
In summary, our study demonstrates a differential regulation of ENaC in the ASDN with high basal ENaC activity in the DCT2/CNT on a standard and even high salt diet. In contrast to the cortical CD, high ENaC activity in the early portion of ASDN (DCT2/CNT) does not depend on circulating aldosterone. Hormonal and cellular mechanisms underlying the differences between ENaC regulation in the early and late ASDN remain to be identified.
